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Abstract 
The primary objective when designing an innovative medical device (MD) is to improve the patient's condition and autonomy. 
Normally, therefore, there must be a strong focus on continuous interaction with the human element. Despite this interaction, value 
analysis (VA) tools are in fact used very little at the design stage. 
We describe the procedure we have devised and the characterization studies that result when applying VA to the design of a 
radically innovative temporomandibular joint (TMJ) prosthesis. 
From needs analysis to general availability of the device, there are three main phases in developing an MD: design, clinical 
validation and production/marketing. In the design phase, functional and technical specifications are defined from which digital 
and/or physical prototypes are created.  
Our multidisciplinary team defined and prioritized service functions after first analyzing clinical need. Next it specified the 
performances of a healthy TMJ which had to be reproduced, and then devised the experimental methods to achieve this 
characterization. 
A finite element (FE) model of the jaw was created and validated. Using simulations, the FE model compared strains and 
displacements in the healthy and the implanted mandibles. We then considered the influence of the implant geometry, the 
connections between implant and bone tissue to guide our decisions when creating innovative technical solutions. A new patent is 
currently under analysis and registration. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
and Professor Paulo Bartolo 
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1. Introduction 
In the field of medicine, the primary purpose of 
product innovation is to improve the patient's physical 
condition and autonomy and on a wider level the health 
of the population in general. Such innovation may be 
radical or incremental. Radical, breakthrough innovation 
can modify the patient's living conditions considerably; 
it results from the creation of an MD and is based on 
scientific or technological progress. Incremental inno-
vation, which is more gradual, continuous and limited, 
brings improvements to an existing product, without 
major disruption. In orthopedics, for example, the 
original model for hinged knee joint prostheses brought 
patients marked physical and psychological comfort by 
relieving the pain associated with osteoarthritis. 
However, this model only took into account the main 
rotation movement in flexion-extension. The incremental 
development that followed managed to limit cases of 
loosening by reducing bone resection and from detailed 
analysis of the displacements of the joint surfaces.  
Moreau-Gaudry [1] analyzes the entire development 
process for innovation in the medical field. The outline 
that he proposes for an MD describes the route for the 
development of any industrial product and incorporates 
the specific and varied features associated with this field 
and with the constant interaction with the human 
element. From needs assessment to the stage when the 
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MD is available on the market, the development process 
consists of three main phases (Fig.1). The first phase is 
the production of functional and technical specifications, 
from which are created digital and/or physical 
prototypes. The second phase is organizing the technical, 
preclinical and clinical validations of the MD; from this 
follows on pre-production of the MD and its ancillary 
products. The third phase is the organization of 
production and marketing. In the work of Moreau-
Gaudry [1], value analysis (VA) and functional analysis 
tools are used very little during the design phase. 
 
 
 
 
 
 
 
Fig. 1: Breakthrough innovation, development of an MD, design phase. 
VA is nevertheless a very operational method, which 
creates and structures the innovation process. It first 
standardizes a set of notions and tools, then applies these 
in a series of stages on which a development procedure 
can be based which is at once functional and economi-
cally viable [2]. This second feature can be decisive. 
Post-market product economic analysis shows that only 
10 to 20% of project costs are invested in design, 
whereas this design generates decisions that relate to 70 
to 80% of total expenditure. These two percentage 
brackets give an idea of the risks inherent in the design 
phase which, in the case of an MD, must also take into 
account specific constraints related to production from 
the moment the pilot studies begin. 
We describe the procedure we devised and the chara-
cterization study that was generated when applying VA 
in the design phase of a radically innovative prosthesis.  
   
Fig.2: 2.a., 2.b. TMJ Prostheses, 2.c. Graph of the structure. 
To our knowledge, after a bibliographical study and a 
prior art patent search, three or four Food and Drug 
Administration-approved models of TMJ prostheses are 
currently available on the market. The TMJ Concepts 
(Fig.2.a. Ventura, CA) and TMJ Medical (Fig.2.b. Gol-
den, CO) models seem to be the most often used [3]. 
These models produce complete lateral contact between 
the implant and the jawbone by means of screws 
(Fig.2.c.). Indeed, T. Cowley of the TMJ Association 
describes instances of failure and implants withdrawn 
from the market; she highlights the need for further 
research to be carried out to develop new products [4]. 
2. Materials and method 
The standard VA procedure [standard NFX50-153, 
85] suggests a work plan. From the start of the MD 
needs assessment process, the constant aim when 
applying VA must be to stimulate creativity. Here we 
describe the stages and the succession of actions in the 
design phase which lead from a definition of clinical 
need to the production of a digital prototype to validate 
technical solutions (Fig.1). 
2.1. Defining clinical need and focusing the study 
In order to bring about improvements in a patient's 
health, in this first stage innovation should respond to 
clearly identified key clinical problems. These may 
derive from needs expressed by a health professional or 
by the patient. A researcher who has made a break-
through as a result of scientific research can in any case 
already envisage possible applications. In both cases, 
innovative technical solutions have first to be designed, 
then shaped then validated technically. There can be 
wide variety of reasons for this: tumor, trauma, 
malformation or degenerative disease. The case of osteo-
arthritis consists of degeneration of the cartilage and 
formation of bone tissue. Destruction of this kind and 
some hemi facial deformations can be reduced by surgi-
cal reconstruction or, for about 2.5% of patients, by 
implanting a uni or bilateral prosthesis. Available 
implants tackle these medical problems only partly [4-5]. 
Although they do not regenerate all natural mobility, but 
the interincisal opening always reaches 25mm [3].  
In the context of innovative design research, the 
observations and suggestions of health professionals 
should be analyzed carefully [6]. Useful information can 
also be obtained from. Serious situations [5] requiring 
further surgery are reported: 
 Rupture of the prosthesis, of the jaw contact, 
 Persistent pain or inflammation. 
2.2. Listing and ranking service functions 
Several phases in the product life cycle have to be 
observed for a clear understanding of the environment of 
an implantable MD: implantation, use, maintenance... 
The service functions corresponding to these phases give 
a full picture of clinical need without the generation of 
excessive stress. The prosthesis interacts with its 
external environment to which it adapts (Fig.3). Two 
main actors emerge in the process: the patient, during 
implantation and use of the prosthesis, and the surgeon 
during implantation and postoperative follow-up. Two 
main service functions (FP) emerge: production of the 
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joint (FP1) and implantability (FP2). The diagram of the 
interacting elements also highlights two constraints 
(FC): the patient's adaptation (FC3) and the action of 
external stresses applied to the MD (FC4).  
 
 
 
 
 
 
 
 
 
 
Environment Service functions
Patient (physical and psychological state) FP1 : Produce TMJ
Health care professional (surgeon) FP2 : Enable implantation
Skeleton (temporal bone and mandible) FC3 : Improve patient's general condition
Muscle bundles, ligaments, etc. FC4 : Tolerate accidental stresses  
Fig. 3: Interacting elements (Environment, service functions). 
The extent to which functions FP1, FP2 and FC3 are 
achieved will be assessed on the basis of essentially 
subjective observations (perceived value); constraint 
FC4 will be assessed using objective criteria (use value). 
Perceived value is defined by appraisals by the surgeon 
or the patient (pain reduction); use value is multicriteria, 
and can be quantified by characterizing performance 
(amplitude of displacement). 
2.3. Producing functional and technical specifications 
Using the FAST method (Function Analysis System 
Technique), the logical sequence of service and technical 
functions (FT) can be represented by a diagram (Fig.4). 
Technical functions are decomposed into elementary 
functions. When product design is modified, the diagram 
can be added to with constructive proposals to solutions, 
but which must not impede initiative and creativity 
[standard NFX50-153, 85]. The diagram visualizes three 
main areas of competence for designing the prosthesis: 
mechanics and mechanical design (FT11), functional 
anatomy and implantology (FT22), materials and 
compatibility (FT33). As stated by Charnley in 1960, 
"production of an MD requires the integration of 
detailed knowledge from a variety of fields of study". 
FP1 Produce FT11 Allow relative FT111 Respect natural
the joint displacements kinematics
FT12 Ensure transmission FT121 Transmit
of forces normal forces
FT122 Allow
contact pressure
FT13 Control FT131 Ensure
friction and wear clean "lubrification"
FP2 Enable FT21 Produce FT211 Carry out
implantation bone/prothesis sockets socket fitting
FT212 Promote
osteointegration
Fig. 4: Part of the FAST diagram. 
Creating validation criteria of the direct and indirect 
benefits and clinical assessment criteria presents a real 
difficulty. These appraisal criteria are constructed with 
reference to the performances and characteristics of a 
natural, healthy TMJ. Characterization of the physical 
phenomena involved are carried out by in vivo and in 
vitro experimental analyses. These produce a set of 
results and levels of variation which make up the data 
from which the models are constructed (finite elements). 
By means of simulations, validation and assessment of 
the MD's robustness, these models can be strengthened. 
The equivalent global TMJ is likened to a mecha-
nical joint between two solid bodies (Fig.5). In fact this 
is composed of two hinge joints (TMJ1 and TMJ2) or 
elementary parallel joints which produce the natural 
articulation between the lower and the upper jaw. The 
term joint here refers to the solution where con-tact is 
established between the two elements. By its very nature 
(localized or surfacic), this contact may allow the six 
relative movements to take place only partially. 
 
Fig. 5: 5.a. Elementary parallel joints - 5.b. Graphs of the structure.  
2.4. Characterizing functions 
No mechanical study prior to 2001 considered simul-
taneously the permitted kinematics and the forces 
transmitted by the natural TMJ. Cadaver dissection and 
functional anatomy studies provide information on the 
muscular system and the geometry of the joint surfaces. 
From the relationship between degrees of freedom and 
transmissible forces a protocol was drawn up to chara-
cterize the joint using three types of experiments: 
 3D video analysis to study kinematics, 
 Electromyography and MRI to study the actions. 
The protocol used 3D video analysis techniques to 
describe the overall kinematics (Fig.6).  
 
Fig. 6: Study of the kinematics and geometry of the joint. 
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From a population of thirty-two volunteers, the study 
established a correlation between the kinematic chara-
cteristics of the joint and the disk-condyle trajectories [7-
8]. The geometrical characteristics of the articular tuber-
cle slope and inter-individual variations were quantified, 
which will be useful in TMJ prosthesis design. 
Three localized dissections were carried out on 
recently deceased patients to describe contacts between 
the mandible condyles and the temporal bone and also 
the insertions of the jaw closing-muscles. Under plane 
loading on the mandible, the elementary joint can be 
modeled by an isolated contact which is located in sector 
2 or 3 (Fig.6). The directions of the muscular forces 
were determined in a morphological system [9]. Three 
planes were observed to describe the articular surfaces 
and to determine the directions of the forces (Fig.7). A 
3D method quantifying the muscle forces exerted on the 
mandible under loadings was built. A sensor registered 
the bite force between two teeth, successively between 
two incisors, two premolars and then two molars. Using 
electromyography and in vivo MRI, we evaluated the 
magnitudes of five muscle forces on each side of the 
face [10-11] and established data from four volunteers. 
 
Fig. 7: Study design for muscle forces. 
2.5. Modeling the joint or the components of the joint 
To model the mandible, finite element (FE) and 
experimental models have been used and validated to 
determine stresses and strains on the surface of the bone 
structure [12-13]. These models can now be used for 
different biomechanical analyses and to predict the 
performance of implants. The mandible bone geometry 
was derived from CT scan images of a recent cadaveric 
mandible. The construction of the model was made 
using CAD software (Solidworks 2008). The FE model 
was constructed in Hyperworks 10 ® and runs were then 
performed on MSc MAR™ solver. The FE model of the 
mandible was composed of 255,000 tetrahedral linear 
elements with four nodes (Fig.8). Bone mechanical 
characteristics were defined using Hsu’s results [14]: 
Young’s modulus of the cortical bone, 13,700MPa and 
Poisson’s ratio, 0.3. Boundary conditions were chosen 
for the incisor and the condyle centres (Fig.8). The cha-
racterization study aimed to produce the necessary input 
data. The forces exerted by five elevator muscles were 
considered: deep and superficial masseters, pterygoid, 
anterior and medial temporal (Fig.7). 
As prosthetic materials and bone present quite dif-
ferent mechanical properties, the mandible reconstru-
ction with metallic materials modifies the physiological 
behavior of the mandible (stress, strain patterns and 
displacements). Changing bone strain distribution results 
in an adaptation of the TMJ including articular contacts.  
2.6. Modeling and simulating technical solutions 
For the implants and screws the FE models were 
composed of about 10,000 elements with eight nodes. A 
titanium alloy was used presenting an 110GPa Young’s 
modulus. This modulus, which is low compared with 
that of a stainless steel alloy and also less dissimilar to 
that of the bone structures, promotes bone remodeling by 
preventing stress shielding. Titanium is one of the most 
biocompatible metals, being resistant to body fluids in 
which it develops a protective passivation layer consis-
ting predominantly of TiO2 oxide. 
The contacts between the mandible bone tissue and 
the screws were glued. For the contact between the 
implants and the bone, a 0.3 friction coefficient was 
considered, while for the contact between the implant 
and the screws a 0.1 friction coefficient was used.  
Influence of implant stiffness 
Depending on the materials and the geometries, the 
prosthesis, plates or screws, and the bone cements are 10 
to 20 times more rigid than bone. Two different titanium 
implants were successively screwed on the left mandible 
ramus (Fig.8). The two implant morphologies (iI.1 and 
I.2) presented the same fixation philosophy, a plate with 
holes that were used to fix the implant on the lateral 
external face of the mandible using four screws.  
The geometries and the thicknesses influence overall 
stiffness. I.2 has a minimum area of 33.6mm2 with a 
thickness of 3mm and I.1 has an area of 13.6mm2 for a 
thickness of 1.5mm. The FE study determined the strains 
at the end of the plates and around the screws.  
 
Fig. 8: FE models, implant stiffness. 
Influence of the contact surface geometry 
Failures of the titanium alloy implant I.1 were 
associated with a fatigue phenomenon causing the 
component to fracture near the first or second hole. Two 
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models, I.3 and I.4 based on I.1 geometry, were designed 
(Fig.9). I.1 had a straight geometry. To analyze the influ-
ence of the geometry of the inner contact surface, I.3 
presented a semi-anatomical adaptation to the mandible 
bone surface while I.4 presented an anatomical adapta-
tion and a constant thickness. The thickness of I.3 was 
different along its length. I.4 thickness and the minimum 
value of I.3 thickness were equal to the thickness of I.1. 
 
Fig. 9: FE models, geometry of the mandible-implant contact surface. 
A plate implant is normally applied straight with 
screws to reduce micro-displacements with respect to the 
bone. When the plate is thin enough surgeons often bend 
it to adapt it to the bone. Mandible implants available on 
the market are too thick (Fig.2). Strains and displace-
ments were analyzed on the external surface of the man-
dible along the control line to compare the behaviors of 
the intact mandible and with implants I.1, I.3 or I.4 [15].  
Influence of the condyle-temporal bone contact point 
For different contact points and the same load it is 
shown that strain is influenced by the condyle geometry. 
To reduce contact pressure, some condyle geometries 
must be avoided and combined fossa/condyle replace-
ments are recommended to preserve the fossa. The next 
objective was to analyze strain distributions near the 
surgical screws for three different contact points on the 
mandible (Fig.10). To predict the behavior of an implant 
using the validated experimental-FE model and the 
characterization results, in order to simulate different 
contact points between the condyle and the temporal 
bone, the load point was placed on the condyle in three 
positions: I inside the mouth, C, centered and O outside. 
These three positions correspond to different significant 
contact points when chewing. The evolution of the 
contact point was simulated in the left condyle and a 
single contact point was maintained on the right condyle. 
 
Fig. 10: FE models, position of contact point. 
Mechanical behavior was analyzed starting from the 
strain distributions along the control line. The strain 
values near the screws were also analyzed because the 
implant fixation can be a critical factor [16].  
3. Results and discussion 
Influence of implant stiffness 
Along the y-axis, the mandible with I.2 and the intact 
mandible present similar behavior (Fig.11). Simulating 
the condyle with I.1 and the natural condyle we verify 
that I.1 stiffness affects behavior in the y-direction and 
has a slight influence (less than 5%) in the x-direction. 
In the y-direction I.1 presents a lower stiffness than the 
mandible. The displacement on the right side increases. 
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Fig. 11: Stiffness of an implant, displacements along x-axis and y-axis. 
In the y-direction, figure 11 shows a greater displa-
cement near the cut plane for I.1. Micro-mobility can 
affect the integration of the screws, promote the growth 
of fibrous tissue and cause the connection failure. 
Influence of the contact surface geometry 
Figure 12 shows the minimal principal strain on the 
external surface of the mandible. Anatomical model I.4 
reveals the lowest strains in the fixation region. To try to 
develop custom-made implants, I.4 provides an inter-
mediate solution but it remains necessary to preserve 
adequate stiffness. 
I.4
I.3
I.1
Minimum
prin. strain ( ).
 
Fig.12: Contact surface, displacements along y-axis, strain distribution. 
Influence of the condyle-temporal bone contact point 
The strain fields in the condyle were detailed along 
the control line and around the screws when the point of 
contact between the condyle and the fossa moved from I 
to C then towards an outside position at point O (Fig.13). 
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Fig. 13: Contact point, strain distributions. 
The minimum principal strain gives rise to two 
comments. First, when analyzing the influence of the 
screws one can observe that the first hole (I) is the most 
critical [14]. For the first hole, inside contact (I) reduces 
strain compression by around 43%, whereas outside 
contact (O) increases it by 149%. The same situation can 
be observed in the second hole. The last hole (IV) has 
the greatest compression in inside contact (I) with 6% 
more than with centered contact (C); outside contact (O) 
reduces compression by 20%. According to a previous 
study [17], these strain values may represent micro-
fractures and they suggest that the number of screws in 
the proximal region should be increased. 
4. Conclusions 
Technical solutions 
The mandible FE model was validated and is now 
suitable for simulating and investigating the biomecha-
nical effects of an implant on the bone and on its 
connection with the jawbone. The study underlines the 
influence of the stiffness of I.1 and I.2. It also shows that 
the connection must limit forces on the screws and 
stresses in the mandible bone. At the same time, the 
effects of torque and contact point have to be reduced. 
These results suggest a quasi-spherical condyle design. 
As the objectives are to provide the patient with 
immediate ability and to control the micro-mobility that 
can affect the bone integration, the geometry of I.4 can 
be considered to have achieved the initial connection. 
All inter-individual, dimensional and geometric 
variations can be taken into account in a modular design. 
Design process 
The design process described here for an MD has 
structured the development of innovative solutions. It 
becomes possible to effectively involve a very multi-
disciplinary team from the outset when design require-
ments are expressed and the technical and functional 
specifications are being written. 
The characterization stage produces a body of data 
which complements input from functional anatomy and 
enables the joint to be modeled. The bases for the design 
principles involved in articular prostheses will be 
derived from a mechanical model.   
Modeling and simulating technical solutions make it 
possible to verify that the digital prototype complies 
with the MD specifications. These pre-clinical simula-
tions will in future contribute to carrying out risk 
analysis and producing the design dossier needed for 
compliance with marking requirements (CE-FDA). 
Figures 3 and 4 highlight the constraints inherent in 
the surgical procedure. The duration and the difficulties 
of this procedure, which are due partly to the techno-
logical choices, will be considered during risk analysis 
and will also be incorporated from the prosthesis opti-
mization stage and in the design of ancillary products. 
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